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The Pc(4312), Pc(4440), and Pc(4457) observed by the LHCb collaboration are very likely to be S -wave
ΣcD¯
(∗) molecular candidates due to their near threshold character. In this work, we study the hidden-charm
decay modes of these Pc states, Pc → J/ψp(ηc p), using a quark interchange model. The decay mechanism for
the Pc → J/ψp(ηc p) processes arises from the quark-quark interactions, where all parameters are determined
by the mass spectra of mesons. We present our results in two scenarios. In scenario I, we perform the dynamical
calculations and treat the Pc states as pure ΣcD¯
(∗) molecules. In scenario II, after considering the coupled
channel effect between different flavor configurations Σ
(∗)
c D¯
(∗), we calculate these partial decay widths again.
The decay patterns in these two scenarios can help us to explore the molecular assignment and the inner flavor
configurations for the Pc states. In particular, the decay widths of Γ(Pc(4312) → ηc p) are comparable to the
J/ψp decay widths in both of these two scenarios. Future experiments like LHCb may confirm the existence of
the Pc(4312) in the ηc p channel.
I. INTRODUCTION
In 2015, the LHCb collaboration reported two pentaquark
states Pc(4380) and Pc(4450) in the J/ψp invariant mass dis-
tribution of the decay Λ0
b
→ J/ψpK− [1]. Very recently,
with run I and run II data, the LHCb collaboration found that
that Pc(4450)
+ should contain two substructures Pc(4440)
+
and Pc(4457)
+ [2]. In addition, another new narrow state
Pc(4312)
+ is observed. The resonance parameters for these
observed Pc states are [2]
P+c (4312) : MP+c (4312) = 4311.9 ± 0.7+6.8−0.6 MeV,
ΓP+c (4312) = 9.8 ± 2.7+3.7−4.5 MeV,
P+c (4440) : MP+c (4440) = 4440.3 ± 1.3+4.1−4.7 MeV,
ΓP+c (4440) = 20.6 ± 4.9+8.7−10.1 MeV,
P+c (4457) : MP+c (4457) = 4457.3 ± 1.3+0.6−4.1 MeV,
ΓP+c (4457) = 6.4 ± 2.0+5.7−1.9 MeV. (1)
Before the LHCb’s observation, the molecular pentaquark
states have been predicted in Refs. [3–7]. The observation of
Pc states by the LHCb collaboration in 2015 inspired the-
orists’ great enthusiasm on the study of hidden-charm pen-
taquark states. Various interpretations have been proposed,
such as the loosely bound meson-baryon molecular states [8–
29], the tightly bound pentaquark states [30–36], and the
hadrocharmonium states [37]. A recent review is referred to
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Refs. [38–43]. Since Pc(4312) and Pc(4440)/Pc(4457) locate
several MeV below the thresholds of the ΣcD¯ and ΣcD¯
∗ sys-
tems, respectively, the meson-baryon molecule scheme may
be a more natural explanation and their parity is proposed to
be negative [8–29]. On the other hand, within the models of
tightly bound pentaquarks or hadrocharmonium, the masses of
three narrow pentaquarks observed by the LHCb are also re-
produced and the parity of some states may be opposite [32–
37]. Thus, more precise data from LHCb are necessary in
order to distinguish different hadronic configurations for the
Pc states. We should pay more attention to other properties
of Pc states, like their decay behaviors, productions, various
reactions, and so on.
In particular, the decay patterns can provide a golden plat-
form for probing their inner dynamics. After the observa-
tion of the Pc(4312) and Pc(4440)/Pc(4457), there are several
phenomenological investigations on the decay properties of
the Pc states as Σ
(∗)
c D¯
(∗) molecules by using the heavy quark
symmetry [18, 22], effective Lagrangian approach [20, 24],
the QCD sum rule [44] and other methods [23, 45]. In this
work, we will explore the hidden-charm decay properties of
the Pc states in the meson-baryon molecular scheme with the
quark interchange model [46–51]. Within the model, the de-
cay widths are related to the scattering process of the hadrons
at Born order. The scattering Hamiltonian is then approxi-
mated by the well-established quark-quark interactions, with
all coupling constants determined by the mass spectra of the
hadrons. This method has been adopted to study the decay
patterns of the exotic states [52–54]. In this work, we extend
the approach to give a quantitative estimate of the decay pat-
terns of the Pc states.
Although these Pc states are probably hidden-charm
molecules composed of a charmed baryon and a charmed me-
son, we have to find out whether they are pure Σ
(∗)
c D¯
(∗) molec-
ular states or not. In general, the coupled channel effect may
2play an important role in the systems with the same quan-
tum number and small mass splitting. In the heavy quark
limit, the (D¯, D¯∗) and (Σc,Σ∗c) doublets are degenerate, re-
spectively. There exist strong mixing effects between differ-
ent flavor configurations Σ
(∗)
c D¯
(∗) and they may contribute to
the same hidden-charm pentaquark states. In the real world,
the mass splittings between different Σ
(∗)
c D¯
(∗) systems are
comparable with the binding energy of the molecular states.
They may contribute to the same hidden-charmmeson-baryon
molecule as the coupled channel effect. For example, in the
previous works [8, 11–13], the coupled channel effect is very
important to reproduce the three Pc states recently observed
by the LHCb collaborations, simultaneously.
In this work, we further explore the influence of the coupled
channel effect on the decay behaviors and perform the dynam-
ical calculations on the partial decay widths for the hidden-
charm molecular states both as the pure Σ
(∗)
c D¯
(∗) molecules
and the admixtures of different flavor configurations.
This paper is organized as follows. After the Introduction,
we introduce the formalisms which relate the decay width of
the pentaquark state to the effective potentials between the
Σ
(∗)
c D¯
(∗) and the J/ψp(ηc p) channels in Sec. II. In Sec. III, we
derive these effective potentials using the quark interchange
model. In Secs. IV and V, we perform the numerical cal-
culations in two scenarios, respectively. In scenario I, the Pc
states are treated as pure Σ
(∗)
c D¯
(∗) molecules, while in scenario
II, they are the admixtures of different flavor configurations.
The paper ends with a summary in Sec. VI. The details of the
calculations are illustrated in the Appendices.
II. DECAYWIDTH
For a decay process of a pentaquark, which we assumed
at the moment to be a spinless particle, into a two-body final
state Pc → C + D, its decay width reads
dΓ =
|pc|
32π2
1
M2
dΩPc |MPc→C+D |2, (2)
where M is the mass of the pentaquark state and pc is the
three momentum of the meson C in the final state. The decay
amplitudeM is related to the T -matrix as follows [55]:
T = 〈ψCD(pc)|Veff(pc, p)|ψPc(p)〉
= − Mpc→C+D
(2π)3/2
√
2M
√
2EC
√
2ED
, (3)
where EC,D is the energy of hadrons in the final state. The ψCD
is the relative wave function in the final state. In the molec-
ular model, ψPc (p) is the normalized relative wave function
between the constituent meson A and baryon B in the Pc state.
Veff(pc, p) is the effective potential between the AB and CD
channels, which is generally a function of the initial momen-
tum p and the final momentum pc. At Bonn order, it is derived
by the amplitude of the two-body scattering process,
A(12) + B(345)→ C(13) + D(245), (4)
where the numbers 1 − 5 stand for the inner quarks. The de-
tailed derivation is illustrated in Sec. III.
In general, a pentaquark may be the superposition of the
components with different orbital angular momentum, and the
relative molecular wave function in the momentum space can
be expressed as
ψPc (p) =
∑
l
Rl(p)Ylm(pˆ). (5)
The T -matrix is decomposed as
T =
1
(2π)3
∫
dp
∫
dkδ3(k − pc)Veff(k, p)ψPc(p)
=
1
(2π)2
∑
l
TllYlm(pˆc), (6)
with
Tll =
∫
p2dp
∫
duPl(u)Veff(pc, p, u)Rl(p), (7)
where u=cosθ, and θ is the angle between the p and pc. Pl is
the Legendre polynomial. In this work, we do not include the
spin-orbital and tensor interactions. Then, the orbital angular
momentum is kept unchanged in the decay process. T -matrix
is diagonal in l. Then, the decay width is
Γ = |pc| ECED
(2π)3M
∑
l
|Tll|2. (8)
In the above, we present the equations without considering
the spin to illustrate the partial wave analysis of the decay
amplitude. For the pentaquark states with spin, we have used
a natural generalization of the formulas. The wave function of
the pentaquark state reads,
Ψ
JPc MJPc
Pc
=
∑
S MS ,lm
C
JPc MJPc
S MS ,lm
[ψAψB]
S
MS
RS l(p)Ylm(pˆ), (9)
where JPc (MJPc ), S (MS ), l (m) are the total angular momen-
tum, the total spin and the orbital angular momentum (the
third direction component) of the pentaquark state, respec-
tively. C
JPc MJPc
S MS ,lm
is the Clebsch-Gordan coefficient. ψA and ψB
are the wave functions of the constituent heavy hadrons with
the total spin as S . The radial relative molecular wave func-
tion RS l has two indices since it also depends on the total spin.
The decay width reads
Γ = |pc| ECED
(2π)3M
∑
S ,l
|T Sll |2. (10)
where partial wave amplitude T S
ll
is the same as Eq. (7) once
the Rl is replaced by the RS l, which depends both on the spin
and the orbital angular momentum.
III. EFFECTIVE POTENTIAL
To derive the decay width, we first derive the effective
hadron-hadron potential Veff using the quark interchange
3model. It is related to the T -matrix of the hadron-hadron scat-
tering process A + B → C + D at Born order. In the quark
interchange model, the scattering process is approximated by
the interaction between the inner quarks [47–51]. In the pro-
cess from two heavy hadrons scattering into a heavy quarko-
nium plus a nucleon, the short-range interactions dominant the
scattering process. We adopt the Vi j for the quark-quark inter-
action [46, 56]. The effective potential Vi j in the momentum
space can be expressed as,
Vi j(q
2) =
λi
2
λ j
2
(
4παs
q2
+
6πb
q4
− 8παs
3mim j
Si · S je−q2/4τ2
)
,
αs(Q
2) =
12π(
33 − 2n f
)
ln
(
A + Q2/B2
) , (11)
where λi(−λTi ) is the color factor for the quark (antiquark). q
is the transferred momentum. The three terms in the Vi j cor-
respond to the Coulomb, linear confinement, and hyperfine
potentials, respectively. αs is the running coupling constant
and a function of the Q2, which is the square of the invariant
mass of the interacting quarks. Si is the spin operator of the
interacting quark. We perform our calculation in the momen-
tum space. The Vi j contains a constant potential in the spatial
space. In addition, the Fourier transform of the Coulomb and
linear confinement potentials induce the divergent terms. The
constant term and the divergence vanish due to the exact can-
cellation of the color factors as illustrated in the following.
The parameters in Eq. (11) are determined by fitting the mass
spectra of the mesons. Their values are listed in Table I.
TABLE I. Parameters in the quark model [46, 56].
mq [GeV] mc[GeV] mb[GeV] b[GeV
2] τ[GeV] A B[GeV]
0.334 1.776 5.102 0.18 0.897 10 0.31
In the quark model, the wave function of a hadron is factor-
ized as
ψ = χcχ fχsφ(p), (12)
where χc, f ,s and φ(p) are the wave functions in the color, fla-
vor, spin and momentum space, respectively. Correspond-
ingly, the T -matrix for the scattering process can be factorized
as
tAB→CD=˜IcolorIflavor-spinIspace, (13)
where the factors I with the subscripts color, flavor-spin, and
space stand for the overlap of the wave functions in the corre-
sponding space. The notation =˜means that the spin and spatial
factors can be separated for the S -wave scattering process.
The so-called prior-post ambiguity in the scattering pro-
cess arises due to different decompositions of the Hamiltonian
[49]. The Hamiltonian is separated as
H = H0A + H
0
B + VAB = H
0
C + H
0
D + VCD, (14)
where H0 is the Hamiltonian for a free hadron and VAB(CD)
is the residual potential between two color-singlet hadrons.
These two decomposition methods result in the “prior” and
“post” formalisms as illustrated in Fig. 1. In the quark in-
terchange model, the VAB(CD) is approximated as the sum of
the two-body interactions between the constituent quarks in
hadrons AB (CD). In the baryon, we mark the light quarks
with definite symmetry as the fourth and fifth quarks. Then,
the potential VAB(CD) leads to the four diagrams (d1, d2, d¯1, d¯2)
and (d′
1
, d′
2
, d¯′
1
, d¯′
2
) in the prior and post formalisms, respec-
tively. The prior-post ambiguity disappears if the exact solu-
tions of the wave functions are adopted and the hadrons are on
shell1 [49, 57]. In this work, we adopt the averaged scattering
amplitudes to reduce the prior-post ambiguity.
With the quark interchange model, we first study the scat-
tering process,
Σ(∗)++c D
(∗)− → J/ψ(ηc)p,
where p denotes the proton. Then, the scripts 1, 2, 3, 4, and
5 in Fig.1 denote the c¯, d, c, u, and u quarks, respectively.
The fourth and fifth quarks have the same flavor. Their spin
and isospin are equal to one constrained by the Fermi statis-
tics, which simplifies the calculation of the spin-flavor factor
Iflavor-spin.
In the quark interchange process, the color factor reads
Icolor = 〈χCc (13)χDc (245)|
λi
2
· λ j
2
|χAc (12)χBc (345)〉.
In Table II, we collect the numerical results of the color factor
Icolor. Since the sum of the color factors is zero, the term in the
quark-quark potential induced by the Fourier transform of the
constant potential and the divergence induced by the Fourier
transform of the Coulomb and linear confinement potentials
cancel out, respectively. The spin factor is
Ispin = 〈
[
χCsc (13) ⊗ χDsd (245)
]
S
′ |Vˆs|
[
χAsa (12) ⊗ χBsb (345)
]
S
〉,
where S (
′) is the total spin of the initial (final) state, s denotes
the spin of the four hadrons. Vˆs is defined as the spin-spin
interaction operator. In the quark model, the Vˆs is unitary for
the Coulomb and linear confinement interactions, and Si · S j
for the hyperfine potential. The derivation of the spin factor
Ispin is illustrated in Appendix B. Numerical results for the
color-spin-flavor factors are collected in Table III.
TABLE II. Color factor Icolor. Here, the sum of the color factors are
0.
Prior Post
23 24(5) 13 14(5) 32(5) 34(5) 12 14(15)
d1 d2 d¯1 d¯2 d
′
1
d′
2
d¯′
1
d¯′
2
4
9
− 2
9
− 4
9
2
9
2
9
− 2
9
− 4
9
4
9
Additionally, the explicit forms of spatial factors Ispace for
diff
41
2
3
4
5
1
3
2
4
5
d1
1
2
3
4
5
1
3
2
4
5
d
′
1
1
2
3
4
5
1
3
2
4
5
d
′
2
1
2
3
4
5
1
3
2
4
5
d2
1
2
3
4
5
1
3
2
4
5
d¯
′
1
1
2
3
4
5
1
3
2
4
5
d¯1
1
2
3
4
5
1
3
2
4
5
d¯
′
2
1
2
3
4
5
1
3
2
4
5
d¯2
FIG. 1. Diagrams for the scattering process Σ
(∗)++
c D
(∗)− → J/ψ(ηc)p at the quark level. The di (d¯i) and d′i (d¯′i ) diagrams represent the prior and
post diagrams, respectively. The curved line denotes the interactions between the quarks. In the nucleon, we use 4 and 5 to denote the quarks
with the same flavor. d1 (d¯2) and d
′
1
(d¯′
2
) are the same.
Id1space =
∫ ∫ ∫
dqdp3dp4φA(q − pc + fAp + p3)φB(p3, p4,−p − p3 − p4)V23(q2)
× φ∗C(q + p3 − fCpc)φ∗D(p + p3 − pc, p4,−p − p3 − p4), (15)
Id2space =
∫ ∫ ∫
dqdp3dp4φA(−pc + fAp + p3)φB(p3, p4,−p − p3 − p4)V24(q2)
× φ∗C(p3 − fCpc)φ∗D(p + p3 + q − pc, p4 − q,−p − p3 − p4), (16)
Id¯1space =
∫ ∫ ∫
dqdp3dp4φA(p4 − pc + fAp)φB(p3, p4,−p − p3 − p4)V13(q2)
× φ∗C(p3 − q − fCpc)φ∗D(p + p3 − pc, p4,−p − p3 − p4), (17)
Id¯2space =
∫ ∫ ∫
dqdp3dp4φA(p3 + q − pc + fAp)φB(p3, p4,−p − p3 − p4)V14(q2)
× φ∗C(p3 − fCpc)φ∗D(p + p3 − pc + q, p4 − q,−p − p3 − p4), (18)
Id
′
2
space =
∫ ∫ ∫
dqdp3dp4φA(p3 + q − pc + fAp)φB(p3, p4,−p − p3 − p4)V34(q2)
× φ∗C(p3 + q − fCpc)φ∗D(p + p3 − pc + q, p4 − q,−p − p3 − p4), (19)
Id¯
′
1
space =
∫ ∫ ∫
dqdp3dp4φA(p3 + q − pc + fAp)φB(p3, p4,−p − p3 − p4)V12(q2)
× φ∗C(p3 − fCpc)φ∗D(p + p3 − pc, p4,−p − p3 − p4), (20)
where the p3(4) is defined as the momentum of the third
(fourth) quark. fA and fC are expressed as
fA =
m1
m1 + m2
, fC =
m3
m1 + m3
, (21)
with mi being the mass of the ith quark. φ(p) is the spatial
wave function of the hadron presented in Appendix A. The
integral of the linear confinement potential is divergent at q =
1 For a loosely bound molecule, the two constituent hadrons can be treated
as nearly on shell.
0. The divergency cancels out exactly with each other due
to the color factors. According to the isospin symmetry, one
obtains the following relation:
t(D(∗)−Σ(∗)++c → J/ψ(ηc)p) = −
√
2t(D¯(∗)0Σ(∗)+c → J/ψ(ηc)p).
With the T -matrix, we obtain the effective potential Veff be-
tween the D(∗)Σ(∗)c and the J/ψ(ηc)p channels.
5TABLE III. Numerical results of the color-spin-flavor factors for different diagrams. The matrix elements in the last column are the weights
for the (d1, d2, d¯1, d¯2) and (d
′
1
, d′
2
, d¯′
1
, d¯′
2
) diagrams.
(I, J) Si · S j 1
( 1
2
, 1
2
) d1 d2 d¯1 d¯2 d¯
′
1
d′
2
Coulomb and linear
J/ψp
Σ++c D
− 1
18
√
3
− 1
9
√
3
1
18
√
3
− 1
9
√
3
− 1
6
√
3
− 1
9
√
3
− 2
9
√
3
{1,−1,−1, 1}
Σ++c D
∗− 7
54
5
27
− 5
54
− 1
9
− 5
54
5
27
10
27
{1,−1,−1, 1}
Σ∗++c D
∗− −
√
2
27
2
√
2
27
−
√
2
27
−
√
2
9
−
√
2
27
−
√
2
27
4
√
2
27
{1,−1,−1, 1}
Σ+c D¯
0 1
18
√
6
− 1
9
√
6
1
18
√
6
− 1
9
√
6
1
6
√
6
− 1
9
√
6
−
√
2
3
9
{1,−1,−1, 1}
Σ+c D¯
∗0 7
54
√
2
5
27
√
2
− 5
54
√
2
− 1
9
√
2
− 5
54
√
2
5
27
√
2
5
√
2
27
{1,−1,−1, 1}
Σ∗+c D¯
∗0 − 1
27
2
27
− 1
27
− 1
9
− 1
27
− 1
27
4
27
{1,−1,−1, 1}
( 1
2
, 3
2
) Si · S j Coulomb and linear
J/ψp
Σ∗++c D
− 1
9
√
3
− 2
9
√
3
1
9
√
3
− 2
9
√
3
− 1
3
√
3
1
9
√
3
− 4
9
√
3
{1,−1,−1, 1}
Σ++c D
∗− 5
27
2
27
− 1
27
0 − 1
27
2
27
4
27
{1,−1,−1, 1}
Σ∗++c D
∗− −
√
5
27
2
√
5
27
−
√
5
27
0 −
√
5
27
−
√
5
27
4
√
5
27
{1,−1,−1, 1}
Σ∗+c D¯
0 1
9
√
6
−
√
2
3
9
1
9
√
6
−
√
2
3
9
− 1
3
√
6
1
9
√
6
− 1
9
(
2
√
2
3
)
{1,−1,−1, 1}
Σ+c D¯
∗0 5
27
√
2
√
2
27
− 1
27
√
2
0 − 1
27
√
2
√
2
27
2
√
2
27
{1,−1,−1, 1}
Σ∗+c D¯
∗ −
√
5
2
27
√
10
27
−
√
5
2
27
0 −
√
5
2
27
−
√
5
2
27
2
√
10
27
{1,−1,−1, 1}
( 1
2
, 1
2
) Si · S j Coulomb and linear
ηc p
Σ++c D
− 1
6
1
9
1
6
1
9
1
6
1
9
2
9
{1,−1,−1, 1}
Σ++c D
∗− 1
18
√
3
− 1
9
√
3
− 1
6
√
3
− 1
9
√
3
1
18
√
3
− 1
9
√
3
− 2
9
√
3
{1,−1,−1, 1}
Σ∗++c D
∗− −
√
2
3
9
2
√
2
3
9
√
2
3
3
−
√
2
3
9
−
√
2
3
9
−
√
2
3
9
4
√
2
3
9
{1,−1,−1, 1}
Σ+c D¯
0 1
6
√
2
1
9
√
2
1
6
√
2
1
9
√
2
1
6
√
2
1
9
√
2
√
2
9
{1,−1,−1, 1}
Σ+c D¯
∗0 1
18
√
6
− 1
9
√
6
− 1
6
√
6
− 1
9
√
6
1
18
√
6
− 1
9
√
6
−
√
2
3
9
{1,−1,−1, 1}
Σ∗+c D¯
∗ − 1
9
√
3
2
9
√
3
1
3
√
3
− 1
9
√
3
− 1
9
√
3
− 1
9
√
3
4
9
√
3
{1,−1,−1, 1}
IV. Pc STATES AS PURE Σ
(∗)
c D¯
(∗) MOLECULES
In scenario I, we study the decay patterns of the Pc states as
pure Σ
(∗)
c D¯
(∗) molecules. According to their mass spectra, the
lowest Pc(4312) is probability the ΣcD¯ molecule with J
P =
1
2
−
. The higher Pc(4440) and Pc(4457) are very likely to be
the ΣcD¯
∗ molecular states. Their JP quantum numbers are
proposed to be 1
2
−
and 3
2
−
in Refs. [8–12], whereas 3
2
−
and 1
2
−
in Refs. [13–15]. Both of these two spin assignments will be
discussed in this section.
A. Heavy quark symmetry
Before the numerical analysis, we would like to discuss the
hidden-charm strong decay behaviors of Σ
(∗)
c D¯
(∗) molecular
states with the heavy quark spin symmetry. The correspond-
ing interaction amplitudes of Σ
(∗)
c D¯
(∗) → J/ψ(ηc)p processes
are collected in Table IV. For the ΣcD¯
(∗) states with JP = 1
2
−
,
one obtains
R1 =
Γ
(
ΣcD¯[
1
2
−
] → ηc p
)
Γ
(
ΣcD¯[
1
2
−
] → J/ψp
) = 3, (22)
R2 =
Γ
(
ΣcD¯
∗[ 1
2
−
] → J/ψp
)
Γ
(
ΣcD¯∗[ 12
−
] → ηc p
) = 25
3
. (23)
For the ΣcD¯
∗ state with JP = 3
2
−
, its decay into the ηc p and
J/ψp processes occur via D-wave and S -wave interactions,
respectively. The decay width of ΣcD¯
∗[ 3
2
−
] → ηc p is strongly
suppressed by a (pc/M)
4 factor, which is of O(10−3). Thus,
we do not consider this decay process. Anyway, one can still
6TABLE IV. The T -matrix of the process Σ
(∗)
c D¯
(∗) → J/ψp or ηc p in
the heavy quark limit. All the spatial information is included in the
matrix element Hh,l. The subscripts h and l denote the heavy and
light degrees of freedom in the initial and final states.
1
2
−
ηc p J/ψp
3
2
−
J/ψp
|ΣcD¯〉 12 H0, 12 −
1
2
√
3
H1, 1
2
|Σ∗c D¯〉 − 1√3 H1, 12
|ΣcD¯∗〉 − 1
2
√
3
H0, 1
2
5
6
H1, 1
2
|ΣcD¯∗〉 13 H1, 12
|Σ∗c D¯∗〉
√
2
3
H0, 1
2
√
2
3
H1, 1
2
|Σ∗c D¯∗〉
√
5
3
H1, 1
2
find that
R3 =
Γ
(
ΣcD¯
∗[ 1
2
−
] → J/ψp
)
Γ
(
ΣcD¯∗[ 32
−
] → J/ψp
) = 25
4
. (24)
The above conclusions can also be applied to their partner Pb
states as the heavy quark flavor symmetry. According to Eqs.
(22) and (23), we want to emphasize that the ηc p final state
is a very important decay channel to observe the ΣcD¯ bound
states with JP = 1
2
−
because of its much larger decay ratio,
whereas it is an unreasonable channel for the observation of
the ΣcD¯
∗ states with JP = 3
2
−
due to the D-wave suppression.
The near threshold behavior of Pc states provides an intu-
itive explanation that they are good candidates for the hidden-
charmmeson-baryonmolecules. The different Σ
(∗)
c D¯
(∗) config-
urations with the same JP may couple with one another and
contribute to the same pentaquark state. In the following, we
present the numerical results in two scenarios, which corre-
spond to Pc states as pure Σ
(∗)
c D¯
(∗) molecules and molecular
admixtures, respectively.
B. Pc states as pure Σ
(∗)
c D¯
(∗) molecules
After the hidden-charmed strong decays discussed by the
heavy quark symmetry, we further perform a systematic anal-
ysis within the quark interchange model. Here, we adopt
an S-wave Gaussian function with an undetermined oscil-
lating parameter βPc to estimate the relative wave function
RlS (l = 0) for the Pc states in the meson-baryon picture.
The βPc is related to the root mean square radius of the Pc
state. For an S -wave loosely bound molecule composed of
two hadrons, the typical molecular size can be estimated as
r ∼ 1/
√
2µ(MA + MB − M) with its reduced mass µ = MA MBMA+MB
[41, 58, 59]. With this input, βPc can be related to the mass of
the Pc state,
βPc =
√
3µ(MA + MB − M). (25)
Moreover, we still allow 10% uncertainty for this relation in
the following numerical calculations. This leads to the uncer-
tainties in Figs. 2-4.
In Fig. 2, we present the mass dependence of the partial de-
cay width for the ΣcD¯
(∗) molecules decaying into the J/ψp and
ηc p channels. The binding energies for these ΣcD¯
(∗) molecules
vary from −50 to −1 MeV. With a smaller binding energy,
the Pc state has a larger mass, which results in a larger rel-
ative momentum in the final state. As illustrated in Eq. (7),
the decay width depends on both the final momentum and the
potential Veff(pc, p, µ). With the increasing initial and final
relative momenta, the spatial factor Ispace suffers an expo-
nential suppression and the effective potential decreases. In
the limit of large relative momentum of the final states, the
Ispace and the decay width vanish. As shown in Fig. 2, when
the binding energy is taken as −50 MeV, the decay widths of
Pc → J/ψp(ηc p) become the largest with their smaller phase
space.
In Fig. 3, we present the decay ratio Γ(Pc → ηc p)/Γ(Pc →
J/ψp). We find that the decay ratio decreases with the larger
Pc mass because the relative momentum in the ηc p channel is
larger than that in the J/ψp channel. The effective potential
decreases faster for the ηc p channel.
As shown in Fig. 3, the loosely boundΣcD¯ molecule prefers
to decay into the ηc p channel rather than the J/ψp channel
with its binding energy in the range of −50 ∼ −1 MeV. If the
Pc(4312) is the ΣcD¯ molecule, its partial widths decaying into
the ηc p and J/ψp channels are 0.89±0.25MeV and 0.32±0.08
MeV, respectively. Here, the errors come from the uncertainty
of the relative molecular wave function. The decay ratio R1 is
2.84± 0.03. The substantial reduction of a relative error in R1
results from a strong correlation of theoretical uncertainties
in individual partial widths considered. Thus, the ηc p should
be the other promising decay channel to observe the Pc(4312)
molecular state.
For the ΣcD¯
∗ molecules with JP = 1
2
−
and JP = 3
2
−
, as
shown in Fig. 2, the J/ψp decay channel is remarkably more
important than the ηc p channel. Even with a larger phase
space in the ηc p channel, the ΣcD¯
∗ state decays much more
easily into J/ψp. The ΣcD¯
∗ couples more strongly with the
J/ψp channel. For the ΣcD¯
∗ molecule with JP = 1
2
−
, the ratios
R2 in Eq. (23) are 18.89±0.22 and 20.38±0.09 at M = 4440.3
and 4457.3 MeV, respectively. It is interesting to note that the
partial decay width of the J/ψp mode for the ΣcD¯
∗ molecule
with JP = 1
2
−
is larger than that in the JP = 3
2
−
state. The
interaction between ΣcD¯
∗ and J/ψp is sensitive to the total
angular momentum. The interaction between the ΣcD¯
∗ with
JP = 1
2
−
and the J/ψp channel is stronger than that of the
JP = 3
2
−
one.
In our calculation, the decay width of Γ(Pc(4440)[1/2
−] →
J/ψp) is 2.92 ± 0.55 MeV and 0.92 ± 0.18 MeV for the
Γ(Pc(4440)[3/2
−] → J/ψp). Their corresponding branch
fractions2 are
B[1
2
−
] =
Γ(Pc(4440)[1/2
−] → J/ψp)
Γtotal(Pc(4440))
= 14.2%, (26)
B[3
2
−
] =
Γ(Pc(4440)[3/2
−] → J/ψp)
Γtotal(Pc(4440))
= 4.4%, (27)
respectively. When the mass of the ΣcD¯
∗ bound states with
JP = 1/2−(3/2−) is fixed as 4457 MeV, the above decay
2 The central value of the Pc decay width is used to estimate the branching
fractions.
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FIG. 3. The branching fraction ratios for the Pc states with J
P = 1
2
−
decaying into the J/ψp and ηc p channels.
widths become Γ′[1/2−] = 0.45 ± 0.13 and Γ′[3/2−] =
0.14 ± 0.04 MeV, respectively. Then, the branch fractions for
Pc(4457) with different spin parity are B′[1/2−] = 7.0% and
B′[3/2−] = 2.2%. By assuming JP = 3
2
−
for both Pc states,
the B[ 3
2
−
] and B′[ 3
2
−
] are 4.4% and 2.2%, of which the upper
limits are determined to be 2.3% and 3.8% at 90% confidence
level in GlueX [60].
As a by-product, we also extend our calculations to the Σ∗cD¯
state with JP = 3/2− and Σ∗cD¯
∗ states with JP = 1/2−, 3/2−,
which are possible meson-baryon molecular candidates, see,
e.g., Refs. [9, 11, 18]. We illustrate the mass dependence of
the partial decay widths and the decay ratios for the Σ∗cD¯
∗
molecules with JP = 1/2− in Fig. 4.
The numerical results show that
1. If the Pc(4380) is the Σ
∗
cD¯ molecule, the partial decay
width for the Pc(4380)→ J/ψp is 0.49 ± 0.14 MeV.
2. The Σ∗cD¯
∗ molecular state with JP = 1/2− prefers to de-
cay into the ηc p channel rather than the J/ψp channel.
3. For the Σ∗cD¯
∗ molecular state in JP = 3
2
−
, it couples
much more strongly with the J/ψp channel than that in
the JP = 1
2
−
state.
4. If the Σ∗cD¯
∗ molecule with JP = 3
2
−
exists, its ηc p de-
cay mode is severely suppressed by the D-wave decay
mechanism [of O(10−3)]. Thus, it is much easier to be
detected in the J/ψp channel.
Motivated by the heavy quark flavor symmetry, the Pb
states, which are the corresponding states of the Pc states, are
excepted to be existing in the bottom sector [29, 61–63]. In
our work, the study for the hidden-charm pentaquark states
can be extended to the hidden-bottom case, once the wave
functions of the pentaquark states are replaced by the bottom
ones. In scenario I, we treat the Pb states as pure Σ
(∗)
b
B(∗) states
and use an S-wave Gaussian function to mimic the relative
molecular wave function. We perform the numerical calcula-
tions and list the results in Appendix C.
V. Pc STATES AS ADMIXTURES OF Σ
(∗)
c D¯
(∗)
CONFIGURATIONS
In scenario II, we improve our results with the exact molec-
ular wave functions obtained by solving the coupled chan-
nel Scho¨dinger equation in the scheme of the one-boson-
exchange (OBE) model. The explicit details of the calcula-
tions are referred to Ref. [8]. The relative molecular wave
functions between the constituent meson and baryon are pre-
sented in Fig. 5. In Ref. [8], the Pc states observed by the
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FIG. 4. The mass dependence of the partial decay width for the Pc states decaying into the J/ψp and ηc p channels in scenario I. The binding
energy is in the range of −50 ∼ −1 MeV.
LHCb collaboration can coexist as the admixtures of Σ
(∗)
c D¯
(∗)
molecular states as illustrated in Table V. The Pc(4312) and
Pc(4440) are the J
P = 1
2
−
molecular states mainly composed
of ΣcD¯ and ΣcD¯
∗ channels, while the Pc(4457) and Pc(4380)
are the JP = 3
2
−
molecules mainly composed of ΣcD¯
∗ and Σ∗cD¯
channels, respectively. In particular, the other flavor configu-
rations also provide important contributions to reproduce the
Pc states. For instance, the Σ
∗
cD¯
∗ channel couples with the
ΣcD¯
∗ and contributes to the Pc(4457) state with its probability
around 21%. Since the D-wave components contribute a tiny
proportion to the Pc states with their probabilities less than
5%, the decay from the D-wave components into the J/ψp
(ηc p) channels will be suppressed. Here, we only consider the
S -wave flavor configurations in calculating the partial decay
widths.
In Table VI, we collect the T -matrices for the possible
flavor configurations decaying into the J/ψp(ηc p) channels.
Their sum contributes to the partial decay widths. It is in-
teresting that the coupled channel effect significantly changes
the decay pattern of the Pc(4312). As illustrated in Sec. IVB,
taking the Pc(4312) as the pure ΣcD¯ molecule, the partial de-
cay width ratio between the ηc p and J/ψp is nearly 3. Con-
sidering the coupled channel effect, the S -wave component
ΣcD¯
∗ is considerable and occupies around 11%. However, its
contribution to the J/ψp decay mode is larger than that from
the dominant ΣcD¯ configuration and enlarges the partial decay
width. These results indicate that the interaction between the
ΣcD¯
∗ and J/ψp is much stronger than that in the ΣcD¯ system
with JP = 1/2−. This is also consistent with the prediction
in the heavy quark limit, in which the Veff(ΣcD¯
∗ − J/ψp) is
the largest while the Veff(ΣcD¯ − J/ψp) is the smallest for the
channels with JP = 1
2
−
. At present, R1 becomes 0.53; this is
strongly contrasted with the single channel ratio 2.84. When
we exclude the contribution from the ΣcD¯
∗ configuration, the
decay ratio R1 of the Pc(4312) becomes around 3, which is
similar to the value in scenario I.
In Ref. [8], the coupled channel effect is also considerably
large for the Pc(4457). It contains 21% Σ
∗
cD¯
∗ configuration,
which strongly couples with the J/ψp channel as illustrated in
Sec. IVB. The interference effect between the contributions
from the Σ∗cD¯
∗ and ΣcD¯∗ is constructive and enlarges the par-
tial decay width. Here, the decay width of Γ(Pc(4457) →
J/ψp) is 0.90 MeV, which is several times larger than that of
the pure ΣcD¯
∗ molecular state with JP = 3/2−.
For the Pc(4440) molecular state mainly composed of the
ΣcD¯
∗ channel with JP = 1/2−, as listed in Table VI, the signs
of the scattering amplitudes for the ΣcD¯
∗ and Σ∗cD¯
∗ with the
ηc p channel are opposite. The contributions partly cancel with
each other. Finally, this cancellation leads to a quiet small
partial decay width of the decay Pc(4440) → ηc p, which is
suppressed by several orders compared with the J/ψp decay.
In other words, it may be a little hard to observe the Pc(4440)
in the ηc p channel.
Since a loosely bound molecular state Pc(4380) mainly
composed of an S -wave Σ∗cD¯ component can be reproduced
using the same set of parameters in our previous work [8], we
also obtain the decay width of Pc(4380) → J/ψp, Γ = 2.34
MeV. The partial decay width of Pc(4380) → ηc p is sup-
pressed by O(10−3).
VI. SUMMARY
Inspired by the observations from the LHCb collaboration
[2], we have calculated the partial decay widths for the Pc
states as the Σ
(∗)
c D¯
(∗) molecules decaying into the J/ψp and
ηc p channels in the quark interchange model. Their partial
decay widths are related with the scattering amplitudes be-
tween the Σ
(∗)
c D¯
(∗) and J/ψp (ηc p) channels, which are derived
by the quark interchange model. In the quark level, the inter-
actions between the hadrons are equivalently represented in
terms of the interactions between the quarks. All the parame-
ters in the quark model are determined by the mass spectra of
the mesons.
In our calculations, we discuss the hidden-charm partial de-
cay behaviors of the Pc states as the pure (scenario I) or the
coupled Σ
(∗)
c D¯
(∗) molecules (scenario II). The corresponding
results are summarized in Table VII.
As a pure ΣcD¯ molecule with J
P = 1/2−, the Pc(4312) has
a larger decay width for the ηc p decay mode than the J/ψp
mode. Thus, one can expect the observation of the Pc(4312)
in the ηc p decay channel. For the Pc(4440)/Pc(4457) states in
scenario I, the decay widths of Pc → J/ψp are larger than that
9TABLE V. The masses (in unit of MeV) of the hidden-charm Pc states and probabilities for different flavor configurations in the states [8]. The
symbol “∼ 0%” denotes that the proportion of the corresponding configuration is tiny and negligible.
Pc(4312) I(J
P) = 1
2
( 1
2
−
)
Mass ΣcD¯|2S 1
2
〉 Σ∗c D¯|4D 1
2
〉 ΣcD¯∗|2S 1
2
〉 ΣcD¯∗|4D 1
2
〉 Σ∗c D¯∗ |2S 1
2
〉 Σ∗c D¯∗|4D 1
2
〉 Σ∗c D¯∗|6D 1
2
〉
4312.75 84% ∼ 0% 11% ∼ 1% 4% ∼ 0% ∼ 0%
Pc(4440) I(J
P) = 1
2
( 1
2
−
)
Mass ΣcD¯
∗ |2S 1
2
〉 ΣcD¯∗|4D 1
2
〉 Σ∗c D¯∗ |2S 1
2
〉 Σ∗c D¯∗ |4D 1
2
〉 Σ∗c D¯∗ |6D 1
2
〉
4442.88 94% 1% 5% ∼ 0% ∼ 0%
Pc(4457) I(J
P) = 1
2
( 3
2
−
)
Mass ΣcD¯
∗ |4S 3
2
〉 ΣcD¯∗|4D 3
2
〉 ΣcD¯∗|4S 3
2
〉 Σ∗c D¯∗|4S 3
2
〉 Σ∗c D¯∗ |2D 3
2
〉 Σ∗c D¯∗|4D 3
2
〉 Σ∗c D¯∗|6D 3
2
〉
4457.77 74% 1% 3% 21% ∼ 0% 1% ∼ 0%
Pc(4380) I(J
P) = 1
2
( 3
2
−
)
Mass Σ∗c D¯|4S 3
2
〉 Σ∗c D¯|4D 3
2
〉 ΣcD¯∗|4S 3
2
〉 ΣcD¯∗|2D 3
2
〉 ΣcD¯∗|4D 3
2
〉 Σ∗c D¯∗ |4S 3
2
〉 Σ∗c D¯∗|2D 3
2
〉 Σ∗c D¯∗ |4D 3
2
〉 Σ∗c D¯∗|6D 3
2
〉
4379.11 87% ∼ 0% 6% ∼ 0% 1% 4% ∼ 0% ∼ 0% ∼ 0%
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FIG. 5. The relative wave functions between the two constituent hadrons in the molecular Pc states in the OBE model.
of Pc → ηc p because of the stronger interaction between the
ΣcD¯
∗ state and the J/ψp channel.
With the coupled channel effect between different flavor
configurations taken into account, one can reproduce the
masses of Pc(4312), Pc(4440), Pc(4457), and Pc(4380) states
simultaneously in Ref. [8]. They are the molecules mainly
composed of ΣcD¯ with J
P = 1
2
−
, ΣcD¯
∗ with JP = 1
2
−
and
JP = 3
2
−
, and Σ∗cD¯ with J
P = 3
2
−
, respectively. Besides, the
four Pc states also contain other non-negligible flavor config-
urations. The coupled channel effect significantly influences
the J/ψp decay mode of the Pc(4312) and the ηc p decay mode
of the Pc(4440). Our results indicate that the Pc(4312) is eas-
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TABLE VI. The matrix elements Tll for the decays Pc → J/ψp and
Pc → ηc p with the Pc as the admixture of different Σ(∗)c D¯(∗) molecular
states. The “PW” denotes the partial decay width.
Scenario II T00
1
2
−
Pc(4312) ΣcD¯ ΣcD¯
∗ Σ∗c D¯
∗ PW [MeV]
ηc p −0.86 −0.14 0.16 1.98
J/ψp 0.55 0.62 0.13 3.77
Pc(4440) ΣcD¯
∗ Σ∗c D¯
∗ PW [MeV]
ηc p −0.23 0.09 0.06
J/ψp 1.06 0.08 3.79
3
2
−
Pc(4457) ΣcD¯
∗ Σ∗c D¯
∗ PW [MeV]
J/ψp −0.36 −0.18 0.90
Pc(4380) Σ
∗
c D¯ ΣcD¯
∗ Σ∗c D¯
∗ PW [MeV]
J/ψp 0.82 0.21 −0.08 2.34
TABLE VII. Comparison of the partial decay widths for the decay
modes Pc → J/ηc p and Pc → J/ψp (in unit of MeV) as the pure
Σ
(∗)
c D¯
(∗) molecules (S-I) and their admixtures (S-II), respectively. The
“. . .” represent the absence of the corresponding results.
JP Channel S-I S-II
1
2
−
Pc(4312) → ηc p 0.89 ± 0.25 1.98
Pc(4312) → J/ψp 0.32 ± 0.08 3.77
Pc(4312)→ηc p
Pc (4312)→J/ψp 2.84 ± 0.03 0.53
1
2
−
Pc(4440) → ηc p 0.15 ± 0.03 0.06
Pc(4440) → J/ψp 2.92 ± 0.55 3.79
Pc (4440)→J/ψp
Pc(4440)→ηc p 18.89 ± 0.22 63.17
3
2
−
Pc(4440) → J/ψp 0.92 ± 0.18 . . .
1
2
−
Pc(4457) → ηc p 0.02 ± 0.01 . . .
Pc(4457) → J/ψp 0.45 ± 0.13 . . .
Pc (4457)→J/ψp
Pc(4457)→ηc p 20.38 ± 0.09 . . .
3
2
−
Pc(4457) → J/ψp 0.14 ± 0.04 0.90
3
2
−
Pc(4380) → J/ψp 0.49 ± 0.14 2.34
ier to decay into the J/ψp than the ηc p channel. Since the
partial decay widths into the two channels are not so differ-
ent, we expect Pc(4312) can be observed in the ηc p channel in
the near future experiment, like the LHCb collaboration. The
possibility of the observation of the Pc states in the ηc p mode
is relevant to the relative contributions (R values) of the three
narrow Pc states, which are defined as
Rηc = B(Λb → P+c K−)B(P+c → ηc p)/B(Λb → ηc pK−).(28)
TheRηc is related to the relative contribution in the J/ψp mode
by
Rηc = RJ/ψc ×
B(P+c → ηc p)
B(P+c → J/ψp)
× B(Λb → J/ψpK
−)
B(Λb → ηc pK−)
. (29)
In our work, we have calculated the ratio
B(P+c →ηc p)
B(P+c →J/ψp) . The
other ratio reads
B(Λb → J/ψpK−)
B(Λb → ηc pK−)
= R × B(ηc → X)B(J/ψ → µ+µ−) , (30)
where B(ηc → X) is the branching fraction of the ηc in an
exclusive decay channel X. R is the efficiency-corrected yield
ratio,
R =
NJ/ψ
Nηc
× ǫηc
ǫJ/ψ
, (31)
where NJ/ψ and Nηc are the observed J/ψ and ηc yields.
ǫηc and ǫJ/ψ the total efficiencies, which are determined by
the combination of the simulated and calibration samples.
The value of R should be obtained from Λb → J/ψpK−
and Λb → ηc pK− simulated samples, both selected using
the same criteria used in data [64]. So far, we have no
information about the above parameter. However, the LHCb
collaboration has successfully triggered the ηc events [64].
In 2018, the decay process B0 → ηcK+π− was observed by
the LHCb collaboration [64]. It enhanced our confidence in
searching the Pc states in the ηc p decay mode. At last, the
LHCb collaboration will collect large data in the Upgrade II
era, which may help the search of the states decaying into the
final states with the ηc [65].
In contrast to the prediction in scenario I, the Pc(4440) may
be a little hard to be observed in the ηc p channel in scenario
II due to the destructive interference of the configurations
ΣcD¯
∗ and Σ∗cD¯
∗. The tensions between the two scenarios will
help to probe the molecular components in the Pc(4312) and
Pc(4440) states.
In Table VII, we find that the predicted partial decay widths
in scenario II are generally larger than those in scenario I ex-
cept that of Pc(4440) → ηc p. This may come from the differ-
ent relative molecular wave functions in the two scenarios. In
scenario I, the radial wave function in the momentum space
|p|RS 0(|p|) (RS 0(|p|) is the molecular wave function in Eq. (5)
with p being the relative momentum) is zero at |p| = 0, while
in scenario II the wave function obtained in the OBE model is
not zero after Fourier transformation of the wave functions in
Fig. 5. In the overlap of the wave functions, the region with
small |p| may play an important role.
The obtained decay widths and branching fraction ratios
are useful to explore the molecular assignment for the hidden-
charm pentaquark states, which can be also examined by the
experiments and the lattice QCD in the coming years. Very re-
cently, the LHCb collaboration searched the ηc p mode in the
Λb → ηc pK− decay with no significant signal of the Pc(4312)
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resonance [67]. It is interesting to investigate whether the
couple-channel effect distorts the predicted decay pattern. The
investigation of the decay properties will help to explore the
reasonability of the molecular assignment and understand the
inner dynamics of the exotic states.
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Appendix A: The spatial wave function φ
In this work, we use the Gaussian basis to mimic the spatial
wave functions of the hadrons. The wave function of an S-
wave meson in the momentum space reads
φ(prel) =
1
β3/2π3/4
exp
−p2rel
2β2
 , (A1)
with the reduced momentum
prel =
mq¯pq − mqpq¯
mq + mq¯
, (A2)
where mq(mq¯) and pq (pq¯) are the mass and momentum of the
quark (antiquark) in the meson, respectively. β is the oscillat-
ing parameter. Its value is estimated with the root mean square
radius of the meson in the Godfrey-Isgur model [66], which
are listed in Table VIII.
TABLE VIII. The oscillating parameters (in units of GeV) in the
wave functions of the mesons and baryons. The superscripts c and b
represent the charmed and bottom baryons, respectively.
αρ α
c
λ α
b
λ βD βD∗ βηc
0.40 0.49 0.51 0.60 0.52 0.83
βJ/ψ βB βB∗ βηb βΥ(1S )
0.73 0.58 0.54 1.22 1.14
For an S-wave baryon with two independent Jacobi coordi-
nates, the wave function is
φ(p3, p4, p5) =
33/4
π3/2α
3/2
ρ α
3/2
λ
exp
− p2ρ2α2ρ −
p2
λ
2α2
λ
 , (A3)
with
pρ =
(m3 + 2m5) p4 − (m3 + 2m4)p5 + (m5 − m4) p3√
2(m4 + m5 + m3)
,
pλ =
√
3
2
m3 (p4 + p5) − (m4 + m5) p3
m4 + m5 + m3
, (A4)
where m3, m4, and m5 are the masses of the consistent quarks.
αρ and αλ are the oscillating parameters, which satisfy
α2λ =
√
3mQ
2mq + mQ
α2ρ, (A5)
for a heavy baryon. Here, mq and mQ are the masses of the
light and heavy quarks, respectively. For the nucleon with
three light quarks, one has αρ = αλ = α and its wave function
can be written as
φ(p3, p4, p5) =
33/4
π3/2α3
exp
−p2ρ + p2λ2α2
 . (A6)
The parameter αρ in the wave functions for the du/uu systems
is taken as αρ = 0.4 GeV. The values of the αλ are derived
using Eq. (A5) and the results are collected in Table VIII.
Appendix B: The flavor-spin factor Iflavor-spin
In the quark interchange model, the flavor-spin factor
Iflavor-spin reads
Iflavor-spin =
〈[
χC(13)
Ic
sc
⊗ χD(245)Idsd
]I′
S
′ |Vˆs|
[
χA(12)
Ia
sa
⊗ χB(345)Ibsb
]I
S
〉
, (B1)
where S (
′) and I(
′) are the spin and isospin of the initial (fi- nal) state, respectively. sa,b,c,d and Ia,b,c,d denote the spin and
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isospin for the different hadrons. Vˆs represents the spin opera-
tor. Here, χ contains the wave functions in the spin and flavor
space.
We use the scattering process D¯−(∗)Σ(∗)++c → J/ψ(ηc)p as
an example to illustrate the calculation of the factor Iflavor-spin.
In the scattering process, the flavor factor Iflavor = 1. For the
spin factor Ispin, when Vˆs = 1, it reads
Ispin = 〈
[
χC(13)sc ⊗ χD(245)sd
]
S
′ |1| [χA(12)sa ⊗ χB(345)sb]S 〉 = δS S ′ sˆc sˆd sˆa sˆb

1
2
1
2
sc
1
2
s45 sd
sa sb S

, (B2)
with Xˆ =
√
2X + 1. s45 is the spin of the fourth and fifth quarks. The matrix in the right-hand side represents the Wigner
9j-symbol. When Vˆs = Si · S j, the Ispin for different diagrams in Fig. 1 are expressed as
Id1
spin
= 〈
[
χC(13)
Ic
sc
⊗ χD(245)Idsd
]I′
S
′ |S2 · S3|
[
χA(12)
Ia
sa
⊗ χB(345)Ibsb
]I
S
〉
=
∑
s23s145
δS S ′ (−1)sc+sa sˆa sˆb sˆc sˆd ˆ(s23 ˆs145)2

1
2
1
2
sc
1
2
s45 sd
s32 s145 S


1
2
1
2
sa
1
2
s45 sb
s23 s145 S

(−1)s23−1(1
2
s23(s23 + 1) −
3
4
),
Id2
spin
= 〈
[
χC(13)
Ic
sc
⊗ χD(245)Idsd
]I′
S
′ |S2 · S4|
[
χA(12)
Ia
sa
⊗ χB(345)Ibsb
]I
S
〉
=
∑
s24
δS S ′(−1)3+2sd sˆc sˆd sˆa sˆb

1
2
1
2
sa
1
2
s45 sb
sc sd S

( ˆs24 ˆs45

1/2 1/2 s24
1/2 sd s45
)2(
1
2
s24(s24 + 1) − 3
4
),
Id¯1
spin
= 〈
[
χC(13)
Ic
sc
⊗ χD(245)Idsd
]I′
S
′ |S1 · S3|
[
χA(12)
Ia
sa
⊗ χB(345)Ibsb
]I
S
〉
= δS S ′ sˆc sˆd sˆa sˆb

1
2
1
2
sc
1
2
s45 sd
sa sb S

(
1
2
sc(sc + 1) − 3
4
),
Id¯2
spin
= 〈
[
χC(13)
Ic
sc
⊗ χD(245)Idsd
]I′
S
′ |S1 · S4|
[
χA(12)
Ia
sa
⊗ χB(345)Ibsb
]I
S
〉
=
∑
s23s145
∑
s14
δS S ′ (−1)sc+sa sˆa sˆb sˆc sˆd ˆ(s23 ˆs145)2

1
2
1
2
sc
1
2
s45 sd
s32 s145 S


1
2
1
2
sa
1
2
s45 sb
s23 s145 S

×(−1)s23−1
(−1)3/2+s145 ˆs14 ˆs45

1/2 1/2 s14
1/2 s145 s45


2
(
1
2
s14(s14 + 1) − 3
4
),
where the symbol
{}
represents the Wigner’s 6j-symbol. With
the method, one can easily calculate Ispin for the post dia-
grams.
Appendix C: The decay of the Pb state
In this section, we assume that the pentaquark states in the
bottom sector exist as the pure molecules B(∗)Σ(∗)
b
. We extend
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the method in scenario I to calculate the partial decay widths
from the Pb states into the Υ(1S )p and ηb p channels. The
decay widths and the decay ratios between the two channels
versus the mass spectra of the Pb states are shown in Figs. 6
and 7, respectively. The results in Figs. 6 and 7 show that
the partial decay width is sensitive to the initial masses of the
pentaquark states, which has not been observed in the exper-
iments. So far, we cannot give more discussion about their
decay widths. However, decay ratios are relatively stable and
not sensitive to the initial masses of the pentaquark states.
In scenario II, we also investigate the Σ
(∗)
b
B(∗) system using
the one-boson-exchange model. However, the existence and
the inner structures of the Pb states are very sensitive to the
cutoff parameter Λ, which may induce quite different decay
patterns. Thus, we do not perform the numerical calculation
and cannot explore the influences of the coupled channel ef-
fect without experimental data.
Nevertheless, we hope our results in scenario I may serve as
a hint for the search of the Pb states in the future experiments.
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